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1. INTRODUCTION 

Despite its small  quantity,  the  importance of 
upper tropospheric  water  vapor is its ability  to  trap 
the  longwave  radiation  emitted  from the Earth's 
surface, namely the greenhouse  effect.  The  green- 
house  effect is defined  quantitatively as the differ- 
ence between t h e  longwave flux emitted by the 
Earth's  surface  and  the  outgoing  longwave  radia- 
tion  (OLR) flux emitted  from the top of the atmo- 
sphere (TOA)  (Raval  and  Ramanathan 1989). A 
recent study by Soden  and Fu (1 995)  examined  the 
relationship  between the upper  tropospheric  rela- 
tive humidity, greenhouse  effect,  and deep convec- 
tion,  and  found  a  positive  correlation  between 
these three  quantities  for  both  spatial  and  temporal 
variations in Tropics, but little  relationship  between 
upper  tropospheric  relative humidity and green- 
house  effect in extratropical  regions.  The  reported 
upper  tropospheric  relative humidity field  was  re- 
trieved  from  infrared  channel  at  6.7pm  on TIROS 
Operational  Vertical  Sounder (TOVS) platform. We 
speculated  that the relative humidity field is not a 
sufficient surrogate to  represent  the  upper  tropo- 
spheric  moisture in extratropics  due  to  the  large 
spatial  and  temporal  variations in the  upper  air  tem- 
perature in these regions.  The purpose of th is  
paper is to  re-examine  the  impact of upper  tropo- 
spheric water  vapor on greenhouse warming in 
midlatitudes by analyzing t h e  recent  observations 
of the  upper  tropospheric  water  vapor  from  the Mi- 
crowave Limb Sounder (MLS) on the Upper  Atmo- 
sphere Research  Satellite (UARS), in conjunction 
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with other space-based measurements and  model 
simulation  products. 

The UARS MLS has  taken  direct  measurements 
of water  vapor  content at pressure levels at 464 
mb, 315 mb, 215 mb, and  146 mb since  late Sep- 
tember  1991 until present (with associated inter- 
ruptions).  The advantages of M L S  over  other in- 
struments are the ability  to observe through thin 
cloud-like  cirrus  and a better vertical  resolution of 3 
km than  the 6.7 pm product  (Read et al. 19959. 

This paper  combined  observations  from several 
independent space-based instruments  to study the 
relation of upper tropospheric  water vapor to 
climate. First, a summary of data sets is presented 
in section  2.  Then  a  relationship of upper  tropo- 
spheric  water  vapor and greenhouse effect in the 
extratropical area is shown in section 3. It is noted 
that in Northern  Hemisphere  midlatitudes,  both  the 
upper  tropospheric water  vapor  and the green- 
house effect reaches its maximum along  storm 
tracks in the North  Pacific  and  Atlantic.  The possi- 
ble mechanism of maintaining the upper  tropo- 
spheric  moisture in extratropical areas is also dis- 
cussed in section 3. 

2. DATA 

The  best  sensitivity of M L S  instrument to  water 
vapor is at -12 km height at low latitudes  and  -7 km 
height at high latitudes.  Therefore,  for  midlatitude 
studies, we use the M L S  water  vapor measure- 
ments  at  pressure  level  215 mb and  315 mb. The 
data  were  monthly  averaged  to a 2.5' latitude by 
2.5' longitude grid. Because the U A R S  satellite 
yawed 180 degrees every 36 days, so the mid and 
high latitude coverages  alternate  between  Northern 
Hemisphere  and  Southern  Hemisphere  every 36 
days. 

The  normalized greenhouse effect  was  calcu- 
lated  from g = (oT2 - F) / (oT;), where T, is the 
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surface  temperature, F is the OLR flux at  the  top of 
the atmosphere, and 0 is t h e  Stephan-Boltzman 
constant.  The OLR observations  were  obtained by 
the nonscanner instrument in the  Earth  Radiation 
Budget  Experiment (Luther et  al.  1986).  The sea 
surface  temperature (SST) data were  derived by 
Advanced Very  High  Resolution  Radiometer 
(AVHRR) blended with in situ measurements  (Rey- 
nolds  and Smith 1995). 

The deep convection  cloud  amount represents 
the  fractional area coverage of those high clouds 
which  have  cloud  top pressure  less than 440 mb 
and  optical  thickness  greater  than 22.63. The deep 
convection  cloud  information  was  provided  from  the 
International  Satellite  Cloud  Climatology  Project 
(ISCCP) 02  monthly  mean data set (Rossow  and 
Schiffer 1991). 

Since most  water  vapor in the  atmosphere is 
constrained in t h e  lower troposphere,  the  total pre- 
cipitable  water  observed  from  Special Sensor Mi- 
crowave  Image  (SSM/I)  can  be  considered  approx- 
imately equal to the water content in the lower 
troposphere, and was  compared with M L S  upper 
tropospheric water  vapor measurements in th i s  
s tudy.  Re-analysis  data produced by Goddard 
Earth  Observing  System - Data  Assimilation Sys- 
tem  (GEOS- DAS) were used to study baroclinic 
activity in midlatitudes. 

3. OBSERVATION  AND  DISCUSSION 

The  impact of upper  tropospheric  water  vapor 
on the  greenhouse effect in Northern  Hemisphere 
midlatitudes is presented here using measure- 
ments  from  monthly  mean in July  1992  on a 2.5' 
latitude  and 2.5' longitude grid. Data  shown in the 
top  and middle panels in Figure 1 were  taken  from 
independent space-based instruments MLS,  ER- 
BE, and AVHRR. The bottom  panel of Figure 1 is 
the model  simulated  water  vapor  produced by the 
GEOS-DAS  project. In contrary  to the geographic 
distribution of the upper  tropospheric  relative hu-  
midity which increases with latitude in extratropical 
regions (Soden  and Fu 1995), the M L S  upper  tro- 
pospheric  specific humidity measurements  at 31 5 
rnb have high values  along storm tracks in Pacific 
and  Atlantic?  superimposed  on a background distri- 
bution wRich has magnitude decreasing with 
latitude.  The  enhancement of upper  tropospheric 
water  vapor  along  storm  tracks is collocated with an 
increase in greenhouse warming, as shown in the 
middle  panel of Figure 1 ,  clearly  demonstrating  the 
role of the upper  tropospheric humidity in trapping 

longwave  radiation. The distribution of upper  tropo- 
spheric humidity derived from the GEOS-DAS 
model  simulation (the bottom  panel of Figure 1 )  
does not  resemble the UARS M L S  observations in 
respect  to  the  fine  structure  along  storm  tracks. It 
agrees more with the surface  temperature distribu- 
tion (the bottom  panel of Figure 3) and  may imply a 
deficiency in model  simulation od upper atmosphere 
hydrologic balance.  One  possible  explanation is 
that t h e  model does not have  a  sufficient  spatial 
resolution in respect to  both the horizontal  and  ver- 
tical  directions in simulating  large gradients in water 
vapor  distributions. 

60N 

50N 

40N 

30N 

Normalized Greenhouse Effect 
60N 

50N 

40N 

30N 

60N 

50N 

40N 

30N 

120E 180 120W 60W ow 

FIG. 1. Top  panel is the  geographic  map of the UARS M L S  
upper  tropospheric  water  vapor  measurements at 315 mb, con- 
tour  interval is 0.05 glkg,  values  greater  than  0.23 g/kg and 0.28 
g/kg are denoted by light and dark shading,  respectively.  The 
middle  panel is the  normalized greenhouse  effect,  contour in- 
terval is 0.03, values  greater  than  0.39  and 0.42 are denoted by 
light and dark shading,  respectively.  The bottom  panel is the 
model  simulated  specific humidity at 300 mb from the GEOS- 
DAS re-analysis data, contour  interval is 0.03  g/kg,  values  great- 
er  than 0.06 g/kg  and 0.12 g/kg are denoted by light and dark 
shading,  respectively.  Data are monthly average in July 1992. 

The deep convection  cloud coverage from ISC- 
CP is shown in t h e  top  panel of Figure 2, indicat- 
ing that  the  increased  amount of deep convective 
clouds  along  storm  tracks  transports  more  water 
vapor  upward  to the tropopause. The analysis of 
wind field data derived  from GEOS-DAS re-analysis 



data product  demonstrated  that  the  generation of 
these deep convective  clouds is associated with 
synoptic-scale  baroclinic  waves  along  storm  tracks. 
The baroclinic  activity is measured with the  barocli- 
nicity index,  namely, the maximum  Eady  growth 
rate  (Lindzen  and  Farrell 1980), as shown in the 
bottom  panel of Figure 2. The baroclinicity  index 
was calculated from oB1=O.31 /aU/dZI N” using 
GEOS-DAS wind field at 850 mb and 700 mb lev- 
els, where f is the Coriolis parameter, dU/aZ is the 
zonal wind vertical shear, and N is the Brunt- 
Vaisala  frequency.  Higher  baroclinicity  index indi- 
cates higher eddy activity.  Hoskins  and  Valdes 
(1990) showed  that high baroclinicity  over  the win- 
ter Northern Hemisphere is located  along  storm 
track  regions. Del Genio et al. (1994) used a  gen- 
eral  circulation  model (GCM) to study the  mainte- 
nance of t h e  upper  tropospheric  water  vapor distri- 
bution  and argued  that  the eddies play  an  important 
role i n  moistening  the  extratropical u p p e r  
troposphere. Baroclinic  wave features were also 
observed in MLS upper  tropospheric  water  vapor in 
extratropical  Southern  Hemisphere  summertime 
(Elson  et  at. 1996; Stone et al.  1996). 
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FIG. 2. The  top  panel is the  fractional area coverage of deep 
convection  cloud  from  ISCCP D2 monthly average in July 1992, 
contour  interval is 2%, values  greater  than 2% and 4% are de- 
noted by light  and dark shading, respectively.  The  bottom  panel 
is the  calculated Eady growth  rate  maximum  for the 850-700 mb 
layer  using GEOS-DAS re-analysis data, contour  interval is 0.04 
day’, values  large  than  0.2  day” and 0.24  day” in magnitude 
are denoted by light and dark shading, respectively. 

Since  the  greenhouse  effect is sensitive to sur- 
face temperature and  vertical  structure of water 
vapor content, it is important to know the  relative 
contribution of each  component.  The  distribution of 
vertical  integrated  water  vapor  which is mostly  con- 
strained in the lower troposphere  (the  top  panel of 

Figure 3) closely  follows sea surface  temperature 
(the bottom  panel of Figure 3) and is less zonally 
oriented  than  the greenhouse effect  and  the upper 
tropospheric  water  vapor,  reflecting the fact  that  the 
upper  tropospheric  water  vapor  contributes  more 
than the lower tropospheric  water  vapor  toward 
trapping t h e  infrared  radiation in the  extratropical 
areas. Also, it is shown in Figures 2 and 3 that  the 
extratropical upper tropospheric  water  vapor is like- 
ly to be  governed by the  large-scale  dynamics  and 
not  the  local temperature, in contrary to some pop- 
ular  postulations  for  tropical areas. 
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FIG. 3. The  top  panel is the total  integrated  water  vapor  from 
SSM/I measurements,  contour  level is 0.4  g/cm2,  values  greater 
than  2.2 gkm2 and 3.0 gkm2 are denoted by light and  dark 
shading,  respectively.  The  bottom  panel is the sea surface tem- 
perature from AVHRR, contour  level is 50c, values greater than 
15oC and  200C are  denoted by light and dark  shading, 
respectively.  Data are monthly average in July 1992. 

4. SUMMARY 

Although the  upper  tropospheric  water  vapor 
content in the  extratropical  regions is much  smaller 
than  that in the Tropics  and in t h e  lower tropo- 
sphere, the analysis of M L S  upper  tropospheric 
water  vapor  measurements reveals its importance 
of trapping  the  Earth’s  radiation. It is found  that  the 
M L S  upper tropospheric water  vapor enhances 
along  storm  tracks in North  Pacific  and  Atlantic,  col- 
locating with an  increase in greenhouse warming 
along  storm  tracks.  The  mechanism of enhanced 
upper tropospheric humidity along  storm tracks 
seems to be associated with the increased  amount 
of deep convective  cloud  which transports  water 
vapor  upward to the tropopause.  The  analysis of 
data derived  from a  general  circulation  model indi- 
cated  that  the  generation of these deep convective 
clouds is associated with synoptic-scale  baroclinic 



waves  along  storm  tracks. By comparing with the midity, and  the  greenhouse  effect. J.  Climate, 
sea surface  temperature, it indicates that the  upper 8, 2335-2354. 
troPosPheric  water  vapor, unlike the  bwer troP0- Stone, E. M., W. J. Randel, J. L. Stanford, W. G. 
spheric water vapor, is likely governed by the Read, J. W. Waters, 1996: Baroclinic  wave 
large-scale  dynamics  and  not  the  local  temperature. variations observed in M L S  upper tropo- 

spheric  water  vapor. Geophys. Res. Lett,, 23, 
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ABSTRACT 

Despite  its  small  quantity, the upper tropospheric water vapor plays an important  role  in  determining 
the  Earth’s  radiation  budget. In this paper, the impact of upper tropospheric water vapor on  green- 
house  warming  in  midlatitudes  is  studied by analyzing  the  upper  tropospheric  water  vapor 
observations  from the Microwave Limb Sounder (MLS) on the Upper Atmosphere  Research  Satellite 
(UARS) in conjunction with other space-based measurements and model simulation  products. It is 
found  that  the UARS MLS upper tropospheric humidity enhances along storm  tracks in North Pacific 
and Atlantic,  which  is  collocated with a  decrease in outgoing longwave radiation on the top of the 
atmosphere  and an increase in greenhouse warming along storm  tracks;  a  clear  demonstration of the 
role of upper tropospheric humidity in trapping radiation. The mechanism of enhanced upper tropo- 
spheric  humidity  over  storm  tracks  seems  to  be  associated  with  the  increased  amount of deep 
convective  cloud which transports water vapor upward to the tropopause. However,  the  distribution 
of vertical  integrated  water vapor which is mostly constrained in the lower  troposphere  closely  follows 
sea  surface  temperature and is less zonally oriented.  The  analysis of data  derived  from  a general 
circulation  model  indicates that the generation of these deep convective  clouds  is  associated with 
synoptic-scale  baroclinic waves along storm tracks. Therefore, the upper tropospheric water vapor is 
likely to be governed by the large-scale dynamics and not the local temperature, in contrary  to some 
popular  postulations.  The  enhanced greenhouse warming over storm  tracks in North Pacific and At- 
lantic  reflects  the  fact  that  the  upper  tropospheric  water  vapor  contributes  more  than  the  lower 
tropospheric water vapor toward trapping the  infrared  radiation.  The  distribution of upper tropo- 
spheric  humidity  derived  from  a  general  circulation  model  does  not  resemble  the  UARS  MLS 
observations in respect  to the fine  structure  along storm tracks. It agrees more with the  surface tem- 
perature  distribution and  may imply a deficiency in model simulation of upper atmosphere  hydrologic 
balance.  One possible explanation is that the model does not  have a  sufficient  spatial  resolution in 
respect to both the horizontal and vertical  directions in simulating Parge gradients  in  water  vapor 
distributions. 
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